Milk microbiomes impose a significant influence on the pathophysiology of bovine mastitis. To 27 assess the association, we compared the microbiome of clinical mastitis (CM) and healthy (H) 28 milk samples through whole metagenomic deep sequencing. A total of 483.38 million reads 29 generated from both metagenomes were analyzed through PathoScope and MG-RAST, and 30 mapped to 380 bacterial, 56 archaeal, and 39 viral genomes. We observed distinct shifts and 31 differences in abundance between the microbiome of CM and H milk in phyla Proteobacteria, 32
49

Introduction 50
Mastitis is one of the most prevalent diseases in the dairy industry with the highest clinical and 51 economic significance worldwide 1 . The condition usually happens when pathogenic microbes 52 enter the germ-free environment of the mammary gland, mostly by the disruption of the physical 53 barriers of the mammary quarters, requiring prompt and appropriate host defenses to prevent 54 colonization and subsequent disease pathology 2 . Diverse groups of microbes are known to 55 colonize the mammary quarters of cows, and have evolved novel mechanisms that facilitate their 56 proliferation, leading to clinical mastitis (CM). Despite knowledge of a few of these invading 57 microbial groups, the etiology of bovine mastitis is continuously changing, with new microbial 58 species identified as causing disease frequently. Additionally, although bacteria are the main 59 cause of mastitis 3 , other microbes like archaea, viruses and fungi might be associated with the 60 disease process 4 and should therefore be investigated as well. During the progression of the 61 mastitis, dysbiosis of the milk microbiome can occur with the increase of opportunistic 62 pathogenic bacteria and reduction of healthy commensal bacteria and Methanosphaera (1.53%) archaeal genera with a lower relative abundance (<0.05%) of the 174 rest of the genera (Fig. 5 a, Supplementary Data 2) . Interestingly, none of the archaeal genus was 175 detected in one CM sample (Ctg3C2). In contrast, Methanoplanus (14.69%), Methanoculleus 176 (12.85%), Euryarchaeota (4.67%), and Haloarcula (1.50%) were the most abundant archaeal 177 genera in H samples. The viral fraction of the current bovine milk microbiome was largely 178 dominated by the members of the Caudovirales order, represented by the Podoviridae, 179
Siphoviridae, and Myoviridae families. The predominating viral genera found in CM were 180 Moreover, of the assigned reads to different levels SEED subsystems (6.45 million), 2.63% 245 mapped against 30 and 28 different resistance to antibiotic and toxic compounds (RATC) genes 246 respectively in CM and H milk metagenomes (Fig. 8, Supplementary Data 3) . Among them, 247 genes encoding multidrug resistance to efflux pumps, cluster (mdtABCD), operon (CmeABC) 248 and MAR locus, methicillin resistance in Staphylococci, vancomycin resistance, arsenic and 249 chromium compounds resistance had two-fold higher relative abundances in CM microbiotas 250 than H milk biomes. There was 5 to 7-fold over expression of multidrug resistance to MAR locus 251 and mercury resistance genes in CM microbes than H milk organisms. In addition, CM causing 252 microorganisms harbored two additional resistance genes; multidrug resistance to operon 253 has been reported supporting our present findings. The H milk metagenome had higher relative 292 abundance of soil or environment (Micromonospora) and animal skin (Pseudomonas) associated 293 bacteria, which can act as potential opportunist by attacking weak or injured tissues of teats or 294 mammary glands 25, 26 , and can cause acute and/or chronic mastitis 27 . Furthermore, the 295 predominantly identified CM associated bacteria, Klebsiella pneumoniae is an opportunistic 296 environmental pathogen, and transmission of this bacterium might occur from contaminated 297 feces and bedding materials 28 to help in causing CM in healthy mammary glands and/or quarters. 298
Epsilon15-like viruses
Gut microbiome plays a key role in maintenance of nutrition, host defense and immune 299 development 29 , and we revealed a close association between gut microbiota and milk microbes in 300 the pathogenesis of bovine CM 30 . Additional support for this finding includes, the potential 301 existence of an endogenous entero-mammary pathway, through which gut bacteria migrate to the 302 mammary gland, and this could explain the predominating presence of gut bacteria such as phyla 303 relatively lower abundance, the rest of the bacterial genera, species/strains detected across the 309 clinical milk metagenome had symbiotic network, and positive correlation with CM. Our study 310 marks an additional step towards identifying the significant co-occurrence of archaea and viruses 311 with bacterial population in bovine milk. Unlike bacteria, the relative abundance and diversity of 312 archaea 36 and viruses 37 remained substantially lower. Currently there is no extensive evidence 313 supporting the role of archaea and viruses in the pathogenesis of bovine mastitis, however these 314 microbes mostly cease the opportunity during the pathophysiological changes in the mammary 315 glands created by bacteria 38 . The full spectrum of outcomes from these archaea-cows 316 interactions, whether it altered host mammary gland physiology remained as a mystery. Thus, it 317 is hypothesized that archaea might follow the exact mechanisms of bacterial pathogens 318 producing bovine CM 36 . Most of the detected viral genera belonged to the order Caudovirales 319 which consists of the three families of tailed bacterial viruses (bacteriophages) infecting bacteria 320 and archaea. The host range of Caudovirales is very broad and includes all major bacterial phyla 321 found in both metagenomes: Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. Thiscorresponded with an increase relative abundance of these bacterial taxa in CM milk samples 323 together with an over presentation of Caudovirales taxa compared with H milk metagenome 39 . In 324 addition, we revealed the association of Herpesvirales (Macavirus and
330
The KEGG pathways and SEED subsystems of MR pipeline uncovered significant differences 331 in microbial metabolic functions in both metagenomes 5,42 as supported by several previous 332 reports on mastitis in lactating cows 9 and women 5 . The CM microbiota had significantly higher 333 abundance of Proteobacteria and Bacteroidetes, which are well-known bacteria to utilizing 334 milk oligosaccharides; one carbon metabolism 43 . Genes associated TCA cycle (gltA, fumA) 335 and energy metabolism (oxidative phosphorylation) remained over expressed in CM 336 microbiomes, which might be associated with host-pathogen interactions during the 337 progression of bovine mastitis 44, 45 . Increased benzoate degradation by different strains of 338
Acinetobacter and Klebsiella in CM metagenome through TCA cycle is thought to promote 339 bacterial growth and virulence factors expression during pathogenesis 46, 47 . To elucidate the 340 role of bacterial chemotaxis in bovine mastitis, we found that genes coding for bacterial 341 chemotaxis is predominantly abundant in CM milk microbiomes suggesting their role in early 342 phase of mastitis for attachment to or entry into the udder tissues and virulence regulation 48 . 343
The p38 signaling pathway exerts its biological effects in the pathophysiology of bovine CM 344 through several complex biologic processes including expression of many cytokines, in CM microbiomes is in accordance with several earlier reports 54 . Moreover, biofilm 361 formation can also be harmful to host tissues since they can promote the phagocyte release of 362 lysosomal enzymes, proliferation of reactive oxygen and nitrogen species, and transfer of 363 antibiotic resistance 55 . The observed increase abundance of genes for primary immune 364 diseases; adenosine deaminase (ADA) in CM pathogens is responsible for inhibition of T cell 365 maturation and lymphocytic proliferation 56 , very low CD4 count 57 , cell-to-cell 366 communication 58 , and therefore could be used as a selective marker for bovine CM diagnosis. 367 CRISPR/Cas systems are present in both pathogenic and commensal organisms found inbovine milk, and play critical roles during the pathogenesis of mastitis by evading the hosts 369 defense system particularly under stress condition 59 . The type III and IV secretion systems 370 found on the pathogenicity islands of CM associated microbes are capable of producing 371 immunosuppression in cows by delivering effector proteins 960 . Phages, which are the regulators 372 of bacterial population, play important and diverse roles in all bacterial ecosystems 61 , but their 373 precise impact on the milk microbiota is far from being understood. The relatively over 374 presentation of genes coding for phage related transposable elements, phage packaging 375 machinery, phage replication and phage regulatory gene expression in CM microbes may 376
suggests that bacteriophages participate in the horizontal gene transfer among the members of 377 bovine milk microbiomes, and ultimately to mammary gland pathogens 39 . We propose that as 378 obligate parasites bacteriophages naturally found in raw milk, replicate in bacterial host, follow 379 the lysogenic cycle, disrupt host metabolism and, ultimately, causing death of bacterial cell 380 during the immunosuppression states of the cows, and finally release new phage particles 39, 40 . 381
Bovine milk microbiomes are a wide source of resistance to antibiotic and toxic compounds 382 (RATC) genes and the pathogenic bacteria within this potential reservoir are becoming more 383 resistant. The current metagenomic deep sequencing provides a wealth of information not only 384 on RATC genes, but on the entire gene content thereby enabling the identification of the 385 community composition and metabolic profile. We found that all of the samples in both 386 metagenomes harbored RATC genes (2.63%) indicating their wide and indiscriminate use in 387
Bangladeshi dairy farms. However, most of the resistant genes in RATC functional groups 388 remained predominantly higher in CM milk microbes. Although the knowledge on uncontrolled 389 spread of antibiotics resistant genes in bovine mastitis pathogens 62 are increasing, but 390 information on heavy metal resistance is yet unavailable. This worrisome trend in increasing 391 RATC against mastitis pathogens has become a major concern for the dairy holders of 392 Bangladesh, given the seriousness of such problems; effective therapies using alternative 393 medicines are needed for successful prevention and control of bovine mastitis. 394
The novel WMS technology in combination with improved bioinformatic analysis of milk 395 microbiome identifies the comparative microbial communities associated with bovine CM and 396 H quarters. The significant differences in the microbiome compositions and protein functional 397 diversities in two groups implicated the association in the progression of the 398 pathophysiological conditions of the disease. Data 1) . The raw sequences were simultaneously uploaded in MRserver (release 4.0) with proper embedded metadata and were subjected to the quality filter 438 containing dereplication and removal of host DNA by screening 67 for taxonomical and functional 439 assignment. 440 Diversity analysis. Alpha diversity (diversity within samples) was estimated using the Shannon 441 index for both PS and MR reads output. To test beta diversity (differences in the organismal 442 structure) of the milk microbiome, a principal coordinate analysis (PCoA) was performed based 443 on weighted-UniFrac distances (for PS data) through Phyloseq R 68 , and Bray-Curtis dissimilarity 444 matrix (for MR data) 69 . In addition, non-metric multidimensional scaling (NMDS) on PS data 445 was also used for beta diversity analysis between the sample groups 70 . Taxonomic abundance 446 was determined by applying the ''Best Hit Classification'' option using the NCBI database as a 447 reference with the following settings: maximum e-value of 1x10 -30 ; minimum identity of 95% for 448 bacteria, 60% for archaea and viruses, and a minimum alignment length of 20 as the set 449 parameters. The phylogenetic origin of the metagenomic sequences was projected against the 450 NCBI taxonomic tree and determined by the lowest common ancestor (LCA) with the same 451 cutoff mentioned above. Two phylogenetic trees consisting of 363 and 146 bacterial strains 452 respectively in CM and H metagenomes with >80% taxonomic identity were constructed using 453 the neighbor-joining method in Clustal W (version 2.1) 71 , and FigTree (version 1.5.1) 13 . 454
Statistical analysis. The characteristics of cows with and without CM were compared using 455
Fisher's exact test for categorical variables, and Mann-Whitney U test for quantitative 456 variables 21 . The Shapiro-Wilk test was used to check normality of the data, and the non-457 parametric test Kruskal-Wallis rank sum test was used to evaluate differences in the relative 458 percent abundance of taxa in CM and H groups. For the functional abundance profiling, the 459 statistical tests were applied at different KEGG and SEED subsystems levels in MR pipeline. 
Data availability 477
The raw sequence files have been submitted to NCBI database under BioProject PRJNA529353, 478 and can be accessed to the reviewers when they ask for it. All other relevant data supporting the 479 findings of the study are available in this article as Supplementary information files, or from the 480 corresponding author on request. The color codes indicated the presence and completeness of each subsystem module, expressed as a value between -1 (low abundance), and 1 (high abundance). The color bar at the bottom represents the higher relative abundance of putative genes. Sample name: suffix ends with C refers to clinical mastitis (CM) and that ends with H refers to healthy (H) milk samples. 
